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ABSTRACT. Concerns that the loss of habitat
have greatly increased species extinction rates
has led to calls for establishing biological re-
serves to preserve key habitat. In this paper, we
study reserve site selection for terrestrial verte-
brates in Oregon using data on species ranges
and land values. We ® nd cost-effective strategies
that represent a maximum number of species for
a given conservation budget. By varying the bud-
get, we ® nd the cost of obtaining various levels of
representation. In general, effective conservation
decision-making requires integrated analysis of
both biological and economic data. (JEL Q20)

I. INTRODUCTION

In many parts of the world, population
growth and economic expansion have in-
creased the percentage of land devoted to
human use. There has been widespread con-
version of habitat for agriculture and timber
harvesting, and to a lesser extent urban de-
velopment. There are concerns that the loss
of habitat has greatly increased species ex-
tinction rates (Wilson 1988; Pimm et al.
1995). Such concerns have lead to calls for
public policies and private actions to protect
species and their habitats. In the United
States, the Endangered Species Act prohibits
actions that harm species listed under the Act
as endangered or threatened and seeks to pro-
mote the recovery of all such species. Inter-
nationally, the Convention on Biological Di-
versity, drafted for the 1992 U.N. Conference
on Environment and Development, seeks to
promote the conservation of biodiversity
among signatory countries. In addition, many
private non-pro® t organizations are actively
involved in the conservation of species and
habitats.

A commonly used strategy to conserve bi-
ological diversity is the establishment of bio-
logical reserves to preserve key habitat. Ex-
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amples of this approach include the National
Wildlife Refuge system and biological re-
serves established by private groups such as
the Nature Conservancy. As is readily recog-
nized by most conservationists, the resources
available for conservation are not suf® cient
to protect all habitats and species. Therefore,
it is necessary to choose conservation priori-
ties. The question of where to locate biologi-
cal reserves is a classic economic problem
involving the allocation of a limited budget
to maximize a desired goal (in this case, the
conservation of biological diversity). Despite
the relevance of an economic approach, to
date economists have not been centrally in-
volved in the analysis of issues such as loca-
tion of biological reserves, or more gener-
ally, in analyzing and informing conservation
policy.

There is an extensive literature in conser-
vation biology on choosing the best locations
for biological reserves (e.g., Kirkpatrick
1983; Margules, Nicholls, and Pressey 1988;
Pressey et al. 1993; Vane-Wright, Humph-
ries, and Williams 1991; Williams et al.
1996). Typically, biological reserve sites are
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selected to cover the maximum number spe-
cies given a constraint on the total number of
sites that can be included (Church, Stoms,
and Davis 1996; Cocks and Baird 1989;
Csuti et al. 1997; Kiester et al. 1996; Saeters-
dal et al 1993; Willis et al. 1996). A species
is covered when it occurs in at least one se-
lected reserve site. We refer to this approach
as site-constrained reserve site selection. Im-
plicit in this approach is the assumption that
there is equal cost to establishing a reserve at
each potential reserve site. In reality, how-
ever, there are often large cost differences
across sites.

In a recent study using data on the loca-
tions of endangered species and average land
value by county for the United States, Ando
et al. (1998) solved a budget-constrained, re-
serve site selection problem. Under a budget-
constrained approach, a set of selected sites
is a feasible reserve system, regardless of the
number of selected sites, if and only if, the
sum of the costs of the selected sites is less
than or equal to the conservation budget.
Ando et al. (1998) compared the costs of
covering the same number of species under
both the budget-constrained and site-con-
strained approaches. They found that the
costs of achieving a given level of species
coverage were far lower with the budget-
constrained approach. For example, the cost
to cover approximately one-half of the 911
endangered species in the database under the
budget-constrained approach was less than
one-third the cost of the site-constrained ap-
proach.

In this paper, we study reserve site selec-
tion incorporating differences in land cost us-
ing data on the distribution of terrestrial ver-
tebrates and land values in Oregon. Focusing
on a single state, rather than the entire coun-
try, allows us to gather more detailed data
and analyze patterns at a ® ner geographic
scale. The Oregon data, while not perfect, of-
fers several advantages over the county level
data used in Ando et al. (1998). Counties can
be quite large and diverse. For example, the
area of San Bernadino County in California
is 51,961 km2. Large counties may cover a
range of different habitat types, each with
different sets of species, and have widely dif-
ferent land values across different parts of

the county. In this study, the maximum size
of any potential reserve site is 635 km2,
which reduces the problem of habitat and
land value variability within a site. Further,
land value data in this paper are based on as-
sessed market value of all non-urban land,
rather than just agricultural land, which bet-
ter represents the value of land that may be
set-aside for conservation. Finally, we use
data on the geographic ranges for all species
in a taxonomic group, terrestrial vertebrates,
rather than just endangered species. Some
conservation biologists have argued that it is
important to save habitat for all species, not
just those currently on the endangered spe-
cies list, because without protection other
species will become endangered in the fu-
ture. However, since the data are limited to
terrestrial vertebrates, the results in this paper
should not be interpreted as necessarily ® nd-
ing the best sites to conserve other taxonomic
groups or for conserving all biodiversity in
Oregon.

In the next section, we describe the data
used in this study. Section 3 presents the re-
serve site selection problem and methods for
® nding an optimal solution to this problem.
Section 4 presents results of the reserve site
selection problem using the Oregon data.
We compare the results of the budget-con-
strained approach with those of the site-con-
strained approach. The ® nal section contains
a discussion of important additional issues.

II. DATA

Analyzing the optimal location of biologi-
cal reserves under a budget constraint re-
quires integrating economic and biological
data. In this paper we used: a) biogeographic
data that describes the range of each species;
and b) land value data that describes the op-
portunity cost of designating any given site
as a biological reserve. The study area,
roughly the western two-thirds of the State
of Oregon, was partitioned into 289 sites by
overlaying a hexagonal grid used in the EPA
Emap program. Each hexagonal grid has an
area equal to 635 km2.

The biogeographic data were originally
compiled from records of the Nature Conser-
vancy’ s Natural Heritage Program, and other
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sources, for the Biodiversity Research Con-
sortiumÐ a cooperative agreement among
various government agencies for the pur-
poses of collecting and analyzing patterns of
biodiversity. A detailed description of this
data set is given in Master et al. (1995). The
data set includes information on species
ranges for all 415 terrestrial vertebrates that
breed in the study area. The study was lim-
ited to terrestrial vertebrates because the geo-
graphic distributions of these species are
among the best known. The 415 species con-
sist of 248 bird species, 113 mammalian spe-
cies, 28 reptilian species and 26 amphibian
species. At each of the 289 sites, each species
was placed into one of four categories: a)
con® dentÐ a veri® ed sighting of the species
at the site had occurred in the past two de-
cades; b) probableÐ the site contains suitable
habitat for the species and there have been
veri® ed sightings nearby; c) possibleÐ no
veri® ed sightings have occurred at the site
and the site is of questionable suitability for
the species; d) not presentÐ habitat is unsuit-
able for the species. For the purposes of this
study, a species was assumed to occur at a
site if and only if it was in the con® dent or
probable categories at the site. Polasky et al.
(2000) assign probabilities for the ``proba-
ble’ ’ and ``possible’ ’ categories and max-
imize expected coverage in a site-constrained
problem. Figure 1 illustrates the pattern in
the number of species that occur at each site.
The Klamath Lake area near the California
border has the greatest collection of species
of any region in the study area. There is not
great variation in the number of species that
occur at each site, however, with a minimum
of 164 species and a maximum of 265 spe-
cies.

In this study, the opportunity cost of des-
ignating a site as a biological reserve is as-
sumed to be the average per acre land value
at the site. In a perfectly functioning compet-
itive market, the price of land equals the net
present value that accrues from land owner-
ship. If this value is foregone when the site is
designated as a biological reserve, then land
costs are the appropriate measure of opportu-
nity cost. Some values such as the value of
recreation may not be lost when the site is
designated as a biological reserve. In addi-

tion, there may be important public goods or
externalities so that the full social value of
the land is not captured by market price. For
example, a parcel of undeveloped land may
provide ecosystem services, such as water
puri® cation, or visual amenities to non-own-
ers. Data suf® cient to capture such bene® ts
does not exist. Further, real land markets of-
ten fall short of the competitive ideal so that
the market price may not be an accurate sig-
nal of value. Also, data on assessed market
value, which is used in this study, does not
always accurately re¯ ect market value.
Therefore, the land value data used in this
study should be viewed as a proxy for, not a
complete measure of, the opportunity cost of
designating a site as a biological reserve.

Details of the methods used to ® nd the av-
erage land value ® gures for the 289 sites in
this study are described in Garber-Yonts and
Polasky (1998). For private land, computer-
ized records of assessed market values were
available for a majority of counties in Ore-
gon. However, such records were not avail-
able for a number of counties in eastern Ore-
gon, which limited our study area to roughly
the western two-thirds of the state. For public
land, no equivalent measure of market value
exists. Instead, for the value of public land
we estimated the potential net present value
of resources generated on public land, using
forest inventory and productivity data and
livestock forage productivity. Public lands
where commodity production is not allowed,
such as wilderness areas and national parks,
were assumed to have no opportunity costs.
Urban land, de® ned as land within urban
growth boundaries, which are required by
Oregon land use laws for every city and town
in Oregon, and tribally owned land were ex-
cluded from the analysis.

Figure 2 shows land values by site. Land
values tend to be higher west of the Cascade
Range. Land values are highest in the Willa-
mette Valley in the northwest part of the
State, particularly on the outskirts of the
Portland metropolitan area, in the Rogue
River Valley in the southwest part of the
state, near the city of Bend in central Oregon,
and along the coast. The lowest land values
occur in the dry southeastern part of the
study area, for which the only signi® cant
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FIGURE 1
Species Richness by Hexagon

FIGURE 2
P er Acre Land Value by Hexagon
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component of value is livestock forage pro-
duction.

III. THE SITE-CONSTRAINED AND
BUDGET-CONSTRAINED RESERVE

SITE SELECTION PROBLEMS

Much of the previous work in reserve site
selection has solved the problem of maximiz-
ing the species included in a reserve network,
subject to a restriction on network size. (See
for example, Arthur et al. 1997; Camm et al.
1996; Church et al. 1996; and Csuti et al.
1997.) In the operations research literature,
this problem is known as the maximal cov-
ering location problem (MCLP). Church and
ReVelle (1974) ® rst formulated MCLP as an
integer-programming problem. The integer
programming formulation for the reserve site
selection problem is as follows:

Let
xj 5 1 if site j is chosen, 0 if not, j 5 1, . . . ,

n

yi 5 1 if species i is covered, 0 if not, i 5 1, 2,
. . . , m

Ni 5 the set of candidate sites that contain spe-
cies i

k 5 maximum number of sites to be chosen

MCLP:

max ^
m

i51

yi, [1]

subject to:

ĵÎNi

xj $ yi , i 5 1, 2, . . . , m [2]

^
n

j51

xj # k. [3]

The objective function [1] is to maximize the
number of species included in the network.
Constraint set [2] ensures that species i is not
counted as included if no site in which it oc-
curs is selected. Constraint [3] limits the
number of sites in the reserve network to k.

In this work, as in that of Ando et al.
(1998), we are concerned with an extension

of MCLP, the budget-constrained maximal
covering location problem (BCMCLP):
BCMCLP:

max ^
m

i51

yi, [4]

subject to:

ĵÎNi

xj $ yi , i 5 1, 2, . . . , m [5]

^
n

j51

bj xj # B, [6]

where bj . 0 is the opportunity cost of
choosing a reserve at location j and B . 0 is
the budget available for locating reserves.

For the Oregon data, which contains 289
sites and 415 species, BCMCLP has 704
variables (289 xj variables and 415 yi vari-
ables) and 416 constraints (415 constraints of
type [5] and one of [6]). This problem is
solved using the optimization software Cplex
6.0 (CPLEX 1995).

IV. RESULTS

In this section, we present the results of
solving both the site-constrained and the
budget-constrained, reserve site selection
problems described in the prior section using
the Oregon terrestrial vertebrate and land
value data described in Section 2. We solved
these problems for a range of constraints on
the number of sites and the size of the
budget.

We summarize the results of the solutions
of the site-constrained, and budget-con-
strained reserve site selection problems in
Figure 3. The coverage of species is mea-
sured along the horizontal axis. The cost to
attain a given level of coverage is measured
along the vertical axis. The solution to the
site-constrained problem is often not unique.
For k 5 2, and k . 5, there are multiple com-
binations of sites that generate an optimal so-
lution. For k , 10, there are no more than
four combinations of sites that generate an
optimal solution, often with very similar
costs. For k . 10, however, there are more
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FIGURE 3
Species Coverage Cost Curve (Budget-Constrained and Site-Constrained )

than 200 combinations that generate an opti-
mal solution, often with quite different costs.
We plot the minimum, average, and maxi-
mum cost for up to 200 randomly chosen so-
lutions in the case where there are multiple
solutions.

As shown in Figure 3, a given level of
coverage is typically far less costly under the
budget-constrained approach than under the
site-constrained approach. For coverage up
to 350 species, the cost of the budget-con-
strained solution is less than 10% of the cost
of the site-constrained solution. Using a site-
constrained approach, which ignores differ-
ences in cost between sites, can yield grossly
inef® cient solutions. The inef® ciency of the
site-constrained approach is likely to be large
in cases like in Oregon where there is greater
variation in land costs across sites than in
species richness. Conservation planners who
ignore economic considerations in assessing

conservation priorities risk wasting large
portions of their scarce conservation budgets.

The difference in cost between the site-
constrained and the budget-constrained solu-
tions diminishes in percentage terms as cov-
erage rises to complete coverage. Several
species in the data set have extremely re-
stricted ranges, including ® ve species whose
range is limited to a single site. Covering
these species requires the inclusion of certain
sites under either approach, which makes the
cost of the two approaches more similar, at
least in percentage terms.

Several other important points also come
out clearly in Figure 3. Under the budget-
constrained approach, the cost of covering
the majority of species is quite modest com-
pared to the cost of covering the ® nal few
species. Over 75% of the species can be cov-
ered at approximately 1% of the total cost of
covering all species. Covering the ® nal 10
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FIGURE 4
Budget-Constrained and Site-Constrained Solutions

for Species Coverage of 385 Species

species costs more than covering the ® rst 405
species. Covering the last species, that is, in-
creasing coverage from 414 to 415 species,
costs more than covering the ® rst 378 spe-
cies. It is interesting to note that the last spe-
cies covered is the lynx (Lynx Canadensis),
which is currently under consideration for in-
clusion on the endangered species list. The
lynx occurs in only two sites in our data, both
of which are relatively expensive. Many spe-
cies, however, are wide-ranging and are con-
tained in numerous sites. There are 132 spe-
cies that occur in 200 or more sites, including
64 species that occur in all 289 sites. Con-
versely, this means that many sites contain a
large number of species. The ® rst sites se-
lected are those that have both a large num-
ber of species and low land values. In con-
trast, covering each of the last species
requires including an additional site for each
additional species with the most costly addi-
tional site added at the last step.

Figures 4 and 5 show the location of sites
chosen under both the site-constrained and

budget-constrained approaches for two dif-
ferent levels of coverage. Under the site-con-
strained approach, it takes a minimum of ® ve
sites to cover 385 species. Far more sites are
selected under the budget-constrained ap-
proach, but as noted above, the collection of
these sites is far less expensive. In the eastern
part of the study area where land is inexpen-
sive, nine sites are chosen under the budget-
constrained approach while only one site is
chosen under the site-constrained approach.
In the western and central part of the study
area where land costs are higher, both ap-
proaches select reserve sites in the same gen-
eral regions to represent different collections
of species. Within these general areas, how-
ever, the site-constrained approach generally
chooses species rich sites while the budget-
constrained approach chooses lower cost
sites. Figure 5 shows the solution of the two
approaches for complete coverage of 415
species. The pattern of site selection under
the two approaches does not show the obvi-
ous split between regions shown in Figure 4.
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FIGURE 5
Budget-Constrained and Site-Constrained Solutions

for Species Coverage of 415 Species

Flexibility in choosing sites is limited by the
constraint that all species much be covered,
including the ® ve species that are present in
a single site and the 36 species that are pres-
ent in 10 or fewer sites.

V. DISCUSSION

In this paper, we showed that casting the
problem of locating biological reserves as a
budget-constrained problemthat incorporates
differential land cost, rather than as a site-
constrained problem ignoring land cost dif-
ferences, results in far more cost-effective
conservation. The percentage cost savings
under the budget-constrained approach vis-
aÁ -vis the site-constrained approach is even
larger than in Ando et al. (1998). Ando et al.
(1998) uses endangered species whose
ranges are often quite limited, which reduces
the ¯ exibility in site selection. On the other
hand, the Oregon data on terrestrial verte-
brates have many wide-ranging species,
which allows for greater ¯ exibility to choose
sites with low cost, resulting in greater sav-

ings from adopting a budget-constrained ap-
proach.

While this paper has demonstrated the rel-
evance of taking into account land cost dif-
ferences in conservation decisions, there is a
more general lesson to be drawn from this
work: economic analysis is useful in analyz-
ing strategies to conserve biological diver-
sity. The resources devoted to conservation
fall far short of the resources necessary to
conserve all biodiversity. The problem of al-
locating scarce resources to achieve desired
ends is a textbook de® nition of an economic
problem. Economic analysis can illuminate
cost-effective solutions to conservation prob-
lems and has wider applicability to conserva-
tion decision-making than has been utilized
to date.

The objective function we used in this pa-
per was quite simple, namely to maximize
the number of species represented in a re-
serve network. Under this objective, all spe-
cies have the same conservation value. It is
reasonable to think that some species may be
more valuable to conserve than others (e.g.,



76 Land Economics February 2001

game species or charismatic megafauna). If
so, a weight could be attached to each species
indicating its relative worth. Formally, the
objective function could then be written as:

max ^
m

i51

aiyi , [7]

where ai is the weight for species i. Solving
a site-constrained or budget-constrained
problem with unequal weights is technically
no more dif® cult than solving with equal
weights. However, establishing what the ap-
propriate weights actually are is a large re-
search question.

Another approach is to conserve a mea-
sure of diversity rather than just a weighted
or un-weighted function of species numbers
(e.g., Faith 1992; May 1990; Solow, Polasky,
and Broadus 1993; Vane-Wright, Humph-
ries, and Williams 1991, Weitzman 1992).
Under a diversity measure approach, the
value of a given species is not a constant but
depends upon what other species are also
conserved. A species that has lost all close
remaining genetic relatives may have great
conservation value, but would have less
value if a close genetic relative were also
conserved. In practice, choosing sites based
on a measure of diversity versus the number
of species generally yields similar results
(Haecker, Cowlishaw, and Williams 1998;
Polasky et al. 2001; Williams and Humphries
1996) because diversity measures and the
number of species tend to be highly posi-
tively correlated.

All of the objectives considered above are
based on presence of the species in at least
one location versus being totally absent. An
objective based on global presence/absence
can be justi® ed on the basis that conserving
the species someplace is necessary to pre-
serve the genetic information or evolutionary
potential of the species. However, there are
additional bene® ts to conservation besides
these. The population size of a species or the
location of the species may be important as
well. For example, having a large population
of a species close to human population cen-
ters may increase the bene® ts from wildlife-

based recreation. Including a location spe-
ci® c value for conserving a species can be
handled in site-constrained or budget-con-
strained problems by modifying the objective
function as follows:

max ^
m

i51

^
n

j51

aij xj yi , [8]

where aij is the weight attached to conserving
species i at site j. The value of conserving a
species at a given site may depend on
whether the species is conserved at other
sites, in which case aij will be a function of
some or all xj variables. Incorporating popu-
lation size, rather than just presence or ab-
sence at a given site, requires more detailed
biological information on habitat preference
of species, habitat availability and quality.

The results of this paper, while suggestive
of good locations for biological reserves in
Oregon, are only a ® rst step in the analysis.
More re® ned biological and economic data
are needed before the results of such analysis
could be used to give advice to decisionmak-
ers. An important step that needs to be taken
in this line of research is to connect land
management actions to both biological and
economic consequences. In this analysis, we
made two important simpli® cations. First, a
site was either a reserve, or it was not. Sec-
ond, species were treated as conserved, if and
only if, they were contained in at least one
reserve site. In reality, there are multiple
management options and multiple gradations
in the quality of habitat for species. The
probability of survival for a species depends
upon the quantity, quality, and spatial pattern
of habitat. Several recent studies have inte-
grated population biology modeling and eco-
nomic analysis to assess the tradeoff between
species survival and economic returns for a
single species (Haight 1995; Montgomery,
Brown, and Adams 1994; Marshall, Haight,
and Homans 1998). Montgomery et al.
(1999) illustrate the cost of conserving spe-
cies under alternative land use plans for
Monroe Country, Pennsylvania. Integrating
population biology models with the eco-
nomic consequences of alternative manage-
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ment for groups of species over a wide geo-
graphic area remains a challenge. Future
work should attempt to incorporate the bio-
logical and economic consequences of alter-
native land management to capture more of
the important, but complex, reality inherent
in conservation decision-making.
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